M
ycobacterium tuberculosis represents the paradigm of an intracellular pathogen, which has been suggested to have coevolved with human beings for a long time (1, 2) . This pathogen is transmitted to new hosts by aerosol droplets and reaches alveoli, where it is engulfed by resident macrophages. Following phagocytosis, bacilli reside in phagosomes, exposing the bacilli to a harsh environment evolved to destroy invading agents (3) . Many pathogenic bacteria have evolved mechanisms that interfere with the host-pathogen interplay in the phagosome, which largely depends on secretion of virulence effectors translocated through the bacterial cell wall by multiprotein complexes forming a secretory apparatus. Some relevant examples include the type III secretion systems of Salmonella spp., which allow pathogen invasion and replication (4) , the Dot/Icm type IV secretion system of Legionella pneumophila, which translocates over 200 effectors to hijack various host cell processes (5) , and secretion of listeriolysin O by Listeria monocytogenes, which mediates membrane lysis and cellto-cell spread (6) . M. tuberculosis also possesses a variety of mechanisms to efficiently survive within the phagosomal compartment (7) or escape from it (8, 9) . Specifically, the type VII secretion system, namely, the ESX-1 system that allows specialized protein secretion of the 6-kDa early antigenic target (ESAT-6) and its partner protein, the 10-kDa culture filtrate protein CFP-10, through the mycobacterial cell envelope (10) . The M. tuberculosis genome contains five ESX paralogs (11) , and two of them, ESX-1 and ESX-5, are implicated in virulence (8, 12, 13) . The ESX-1-encoding core region spans from espE (rv3864) to mycP1 (rv3883c) but also includes trans-acting elements outside the core region, namely, extended ESX-1 (i.e., espR [rv3849] and espACD [rv3616c to rv3614c]) (14, 15) (Fig. 1A) .
Two ESX-1-secreted proteins have attracted the most attention in recent years: ESAT-6 (EsxA [Rv3875]) and CFP-10 (EsxB [Rv3874]); both are translocated, forming a 1:1 heterodimer (16), and might dissociate under the acidic conditions found in the phagosome (17) . Several roles have been attributed to ESAT-6, ranging from a secreted effector that induces macrophage apoptosis to a membrane lytic factor that enables phagosomal escape (9, (18) (19) (20) . Overall, the ESX-1 region is considered a major pathogenic determinant of M. tuberculosis, and its absence, due to the deletion of the RD1 region (Fig. 1A) , from the Mycbacterium bovis bacillus Calmette-Guérin (BCG) vaccine is thought to substantially contribute to the attenuation and safety of this strain (21) . Although the core elements required for ESAT-6 secretion have been characterized (8, 22) , other trans-acting proteins remain to be elucidated. Here we report that whiB6-a gene adjacent to the ESX-1 genetic locus-carries a point mutation in its promoter region that is exclusively found in H37R strain derivatives H37Rv and H37Ra. We provide evidence that this polymorphism leads to a differently regulated whiB6 expression by PhoP, which ulti-mately results in different ESAT-6 levels between H37Rv and clinical M. tuberculosis isolates.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The Mycobacterium tuberculosis H37Rv and GC1237 phoP mutants and wild-type (WT) strains were previously described (23) . MT103, its isogenic phoP mutant (SO2), and the phoP complemented strain were also described elsewhere (24) . Construction of the vaccine candidate MTBVAC by unmarked deletions of phoP and fadD26 genes was recently described (25) . M. tuberculosis H37Rv::KIMt, H37Rv::KIRv, H37Rv phoP::KIMt, and H37Rv phoP::KIRv were constructed in this work. Mycobacterial strains were grown at 37°C in 7H9 medium (Difco) supplemented with 0.05% Tween 80 and 10% albumin-dextrose-catalase (ADC) (Middlebrook) or on 7H10 plates supplemented with 10% ADC. Escherichia coli DH5␣ used for cloning procedures was grown at 37°C in LB broth or on LB agar plates. Kanamycin (20 g/ml) and hygromycin (20 g/ml) were used as appropriate. Plasmid construction. Sequences of whiB6 and its own promoter were amplified from H37Rv (KIRv) and MT103 (KIMt) genomic DNA using the primers whiB6-KI fw and whiB6-KI rv (Table 1) . PCR products were digested with NheI and inserted into the unique NheI site of the integrative plasmid pMV361 (26) . Plasmids were analyzed by sequencing, Only genes involved in ESAT-6 production and secretion are reported for clarity. The GC1237 phoPR mutant displays downregulation of most ESX-1 genes. In contrast, the H37Rv reference strain show divergent PhoP regulation of whiB6, esxB (rv3874), esxA (rv3875), eccD1 (rv3877), and espJ (rv3878) (indicated by asterisks) compared to strain GC1237. Note that whiB6 shows the most divergent PhoP regulation between both strains. (C) qRT-PCR analyses showing PhoP regulation over whiB6 in the H37Rv strain compared to those of MT103 and GC1237 clinical isolates. Note the divergent PhoP regulation in clinical strains compared to that of the reference standard H37Rv. Bars indicate fold changes in gene expression relative to the sigA gene used as endogenous control. Results represent the average of three independent experiments, and error bars indicate the standard deviation (SD) of the mean.
confirming the polymorphisms representative of each strain in the final construction.
Sequence analysis of clinical isolates and spoligotyping. H37Rv sequence (GenBank accession no. AL123456.3) was compared, in the whiB6 promoter region, to available sequenced genomes of the Mycobacterium complex (ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/) using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Clinical isolate genomic DNAs from different lineages were sequenced using the primers whiB6seq fw and whiB6seq rv. Spoligotyping was performed as described in reference 27, and the results were compared with those in the SpolDB4 database (28) . The site http://www.pasteur-guadeloupe.fr:8081 /SITVIT_ONLINE is a proprietary database maintained at the Pasteur Institute of Guadeloupe, which contains both spoligotype and mycobacterial interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) patterns of M. tuberculosis. At the time of this comparison (March 2013), the database contained data on about 70,000 strains from 160 countries of origin.
ChIP experiments. Chromatin immunoprecipitation (ChIP) experiments were performed as previously described (29) with MT103, MTBVAC, and H37Rv and its phoP mutant, with the following modifications. Briefly, M. tuberculosis cultures were grown to the exponential phase (optical density at 600 nm [OD 600 ] of 0.4) and cross-linked with 1% formaldehyde for 10 min at 37°C. Cross-linking was quenched by addition of glycine (125 mM). Cells were then washed twice with Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.5], 150 mM NaCl), resuspended in 4 ml immunoprecipitation (IP) buffer (50 mM HEPES-KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail from Roche), and sonicated to shear DNA with a Bioruptor (Diagenode). Cell debris was removed by centrifugation, and the supernatant was used in IP experiments. Nucleoprotein extracts were incubated with 50 l of rabbit polyclonal anti-PhoP antibodies at 4°C for 2 days on a rotating wheel. Complexes were subsequently precipitated with Dynal Dynabeads (anti-rabbit; Invitrogen) for 3 h at 4°C. Beads were washed twice with IP buffer, once with IP buffer plus 500 mM NaCl, once with buffer III (10 mM TrisHCl [pH 8], 250 mM LiCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.5% sodium deoxycholate), and once with Tris-EDTA buffer (pH 7.5). Elution was performed in 50 mM Tris-HCl (pH 7.5)-10 mM EDTA-1% SDS for 40 min at 65°C. Samples were finally treated with RNase A for 1 h at 37°C, and cross-links were reversed by incubation for 2 h at 50°C and for 8 h at 65°C in 0.5ϫ elution buffer with 50 g proteinase K (Eurogentec). DNA was purified by phenol-chloroform extraction and quantified by Nanodrop and Qubit fluorometer according to the manufacturer's recommendations (Invitrogen).
RNA extraction and qRT-PCR experiments. Cultures of MT103, MTBVAC, GC1237 and its phoP mutant, H37Rv and its phoP mutant and their knock-in (KI) derivatives were grown to exponential phase (OD 600 of 0.5 to 0.6) and pelleted by centrifugation. To minimize RNA degradation, bacteria were resuspended in 1 ml RNAprotect bacterial reagent (Qiagen), incubated for 5 min at room temperature, and then centrifuged. Bacterial pellets were resuspended in 0.4 ml lysis buffer (0.5% SDS, 20 mM NaAc, 0.1 mM EDTA) and 1 ml 1:1 phenol-chloroform (pH 4.5). Suspensions were transferred to tubes containing glass beads (Qbiogene) and lysed using a ribolyser (Fast-prep instrument) with a three-cycle program (15 s at speed 6.5 m/s) including cooling the samples on ice for 5 min between pulses. Samples were then centrifuged, and the homogenate was removed from the beads and transferred to a tube containing 24:1 chloroform-isoamyl alcohol. Tubes were inverted carefully before centrifugation, and the upper (aqueous) phase was then transferred to a fresh tube containing 0.3 M Na-acetate (pH 5.5) and isopropanol. Precipitated nucleic acids were collected by centrifugation. The pellets were rinsed with 70% ethanol and air dried before being redissolved in RNase-free water. DNA was removed from RNA samples with Turbo DNA free (Ambion) by incubation at 37°C for 1 h. RNA integrity was assessed by agarose gel electrophoresis, and absence of contaminating DNA was checked by lack of amplification products after 30 PCR cycles. One microgram of RNA was converted to cDNA using SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's recommendations. All PCR primers were designed using Primer Express software (Applied Biosystems). The PCR mixture consisted of 1ϫ SYBR green PCR master mix (Applied Biosystems), 0.25 M each primer, and 1 l of 1:10 diluted cDNA or IP DNA from immunoprecipitation reactions (total volume, 10 l). Reactions were carried out in triplicate in an Applied Biosystems StepOnePlus sequence detection system (Applied Biosystems) according to the manufacturer's instructions. Melting curves were constructed to ensure that only one amplification product was obtained.
In the case of quantitative reverse transcription-PCR (qRT-PCR) for microarray data confirmation, normalization was obtained to the number of sigA molecules in each sample. Regarding the qPCR for ChIP-seq data validation, the number of target molecules was normalized to the mutant (control) sample after subtraction of the background represented by the mock IP (no-antibody control). Primers used in these experiments are listed in Table 1 .
Transcriptome analysis. Transcriptome analysis was performed following a previously used protocol (30) . In brief, RNA quality was monitored with a Bioanalyzer RNA Nano assay (Bio-Rad), and appropriate preparations were used for further hybridization experiments. Two biological replicates were done for each RNA sample. The design of oligonucleotides covering all protein coding sequences was done using OligoArray version 2.1 (31) on the basis of the 3,924 predicted coding sequences composing the entire M. tuberculosis genome (32) . We used Agilent-manufactured customized microarrays. The reverse transcription and indirect labeling with Cy5 or Cy3 (GE Healthcare Life Sciences) were performed with the SuperScript indirect cDNA labeling system (Invitrogen), and cDNA hybridization was performed as described by the manufacturer (Agilent). Expression of all genes on the array was simultaneously analyzed through competitive hybridization of the probes and scanning. Signal quantification for each spot was performed with the image analysis GenePix Pro 6.0 software (Axon Instruments). All data generated were then imported and statistically analyzed by using the statistical programming language R (R 2.0.1 at http://www.R-project.org) as described previously (30) .
Protein extraction and Western blot procedures. In order to avoid albumin contamination in the secreted protein fraction, cultures of MT103, SO2, H37Rv and its phoP mutant, H37Rv::KIMt, H37Rv::KIRv, H37Rv phoP::KIMt, and H37Rv phoP::KIRv were grown in 7H9 (Difco)-0.05% Tween 80 supplemented with 0.2% dextrose-0.085% NaCl. After 2 to 3 weeks of incubation at 37°C, cultures were pelleted by centrifugation. The supernatant containing secreted proteins was incubated with 10% trichloroacetic acid (TCA) for 1 h in ice and then centrifuged at 4°C for 30 min. Pelleted proteins were rinsed with cold acetone and then resuspended in 150 mM Tris-HCl (pH 8). Protein integrity and absence of albumin contamination were checked by SDS-PAGE and Coomassie staining. The pelleted fraction of bacterial cultures was used for extraction of cell proteins. The pellet was resuspended in phosphate-buffered saline (PBS) containing 1% Triton X-100 and a cocktail of protease inhibitors (Roche) and sonicated for 30 min at 4°C using a Bioruptor (Diagenode). Samples were then centrifuged, and the upper phase containing cell lysate was used in downstream experiments. Protein samples were quantified using the RC DC protein assay (BioRad), and equal amounts of protein preparations were loaded per well. Proteins were separated on 12 to 15% SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF) membranes using a semidry electrophoresis transfer apparatus (Bio-Rad). Membranes were incubated in TBS-T blocking buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20) with 5% (wt/vol) skimmed milk powder for 30 min prior to overnight incubation with primary antibodies at the dilution indicated below. Membranes were washed in TBS-T three times and then incubated with secondary antibodies for 1 h before washing. Antibodies were used at the following dilutions: 1:1,000 for anti-ESAT-6 (abcam ab 26246; HYB 076-08), 1:500 for anti-GroEL2 (abcam ab69618; 3F7), and 1:1,000 for anti-SigA (kindly provided by Ida Rosenkrands). Horseradish peroxidase (HRP)-conjugated IgG secondary antibodies (Sigma-Aldrich) were used at a 1:20,000 dilution. Signals were detected using chemiluminescent substrates (GE Healthcare).
RESULTS
The M. tuberculosis whiB6 gene is differentially regulated between clinical isolates and the H37Rv laboratory strain. PhoP is a virulence regulator required for ESAT-6 secretion in M. tuberculosis (33) . Previous transcriptome analyses of the PhoP regulon using M. tuberculosis phoP mutants from different genetic backgrounds, such as the MT103 clinical isolate (34) or the reference strain H37Rv (35) , revealed a largely overlapping gene set but also showed strain-specific differences. Although some of these divergences might have been due to the relatively low sensitivity of previously employed microarray techniques, particularly for genes whose expression levels were barely detectable, other variations were obviously caused by the different genetic strain background. To get deeper insights into the molecular mechanisms responsible for these differences, we constructed isogenic phoP mutants of strain H37Rv and a clinical isolate from the Beijing family (GC1237) and subjected them to transcriptomic analyses, which showed that the expression of several genes in the ESX-1 locus was differentially regulated by PhoP in strain GC1237 compared to strain H37Rv (Fig. 1B) . Since the whiB6 gene exhibited one of the most divergent regulation profiles by PhoP between H37Rv and GC1237 (Fig. 1B) , we focused on this gene as it seems to represent a novel ESX-1-associated regulator. Analysis by qRT-PCR confirmed that whiB6 was higher expressed in the H37Rv phoP mutant compared to WT H37Rv. On the contrary, whiB6 mRNA was barely detectable in the phoP mutants of GC1237 and MT103 clinical isolates (Fig. 1C) . We extended our qRT-PCR analysis to genes coding for the ESAT-6/CFP-10 pair (esxA and esxB) and genes from the extended ESX-1 (espACD) previously reported to be regulated by PhoP (33) . Although espACD showed an unambiguous PhoP-dependent regulation in the H37Rv and GC1237 strains, the expression pattern of ESAT-6/CFP-10-encoding genes correlated with that of whiB6 and showed divergent PhoP regulation between the clinical isolate and the laboratory strain (Fig. 2) .
WhiB6 divergent regulation correlates to ESAT-6 production and secretion in clinical and laboratory strains. WhiB6 has a phylogenetic profile identical to espG (rv3866) (36), a gene contained in the genomic proximity of whiB6 that belongs to the ESX-1 locus and is thought to act as a specific type VII secretion pathway chaperon (37) involved in M. tuberculosis virulence (38) . Moreover, it has been suggested that WhiB6 might bind to the upstream regions of espA and eccD1 (rv3877) (39) . EspA is essential for ESAT-6 secretion (40, 41) , and EccD1 is predicted to be part of the translocon of the ESX-1 type VII secretion system (22, 42) . To experimentally evaluate the role of WhiB6 in ESX-1 regulation that was also suggested by bioinformatic predictions (36), we sought to determine ESAT-6 production and secretion in the WT strain and phoP mutants of different genetic backgrounds by Western blotting. As a first striking result, we found that the amount of ESAT-6 produced by the WT H37Rv reference strain was far less than that produced by WT clinical strains MT103 and GC1237 (Fig. 3A) . For phoP mutants, we observed that mutants constructed in the MT103 and GC1237 strains produced less ESAT-6 than their respective WT strains (Fig. 3A) . In contrast, the H37Rv phoP mutant produced equivalent amounts of ESAT-6 to H37Rv WT (Fig. 3A) . We next investigated whether protein production was correlated with protein secretion and observed that the H37Rv strain secreted less ESAT-6 than the MT103 and GC1237 clinical isolates (Fig. 3B) , whereas all three M. tuberculosis phoP mutants failed to secrete ESAT-6 due to EspACD downregulation ( Fig. 2) (data not shown), confirming previous reports (33) . Finally, we also examined whether this defect in ESAT-6 expression is exclusive of the H37Rv strain relative to other commonly used laboratory strains. Interestingly, we found that M. tuberculosis CDC1551 and Erdman reference strains produce and secrete more ESAT-6 than H37Rv (Fig. 3C) , thus resembling the phenotype previously observed with clinical isolates.
The promoter region of whiB6 carries a point mutation in the PhoP binding site. In a search for the genetic determinants responsible for the observed divergent whiB6 regulation in strain H37Rv, we focused on the sequence of the whiB6 gene and its flanking region. First, this analysis showed that whiB6 is present in all of the different members of the M. tuberculosis complex, including the more distantly related Mycobacterium canettii strains (2), as well as in many other mycobacterial species that harbor an orthologous ESX-1 system, including Mycobacterium smegmatis. When we analyzed the intergenic region between whiB6 and the adjacent gene rv3863, we identified two unique mutations exclusively present in strain H37Rv/Ra. The first mutation corresponds to a G insertion at the Ϫ74 position upstream of the whiB6 start codon (Fig. 4A) , while the second was a G-to-A mutation found 117 nucleotides upstream of the start codon of gene rv3863. Our transcriptome analysis demonstrated that whiB6, but not rv3863, was subjected to PhoP regulation (data not shown), and we decided to focus on the G insertion upstream of whiB6. This region corresponds to a confirmed binding site of PhoP as determined by chromatin immunoprecipitation (ChIP) experiments using antiPhoP antibodies, which showed an enrichment of this region in the immunoprecipitated fraction of WT strains relative to phoP mutants (Fig. 4B) . Surprisingly, this G insertion generates an inverted repeat in the whiB6 promoter from H37Rv/Ra, which might result in the formation of a stem-loop structure (Fig. 4C) . We confirmed that this mutation is absent from all members of the M. tuberculosis complex (sequences taken from 100 available mycobacterial genome sequences in the NCBI's ftp database) other than H37Rv/Ra strains (data not shown), including 76 M. tuberculosis clinical isolates screened in our laboratory, belonging to different M. tuberculosis lineages ( Fig. 5; see Fig. S1 in the supplemental material).
Reintroduction of the WT copy of whiB6 in H37Rv causes an increase in ESAT-6 production and secretion. WhiB6 is divergently regulated by PhoP in H37Rv and clinical strains (Fig. 1) , and the same trend is also seen for ESAT-6 production and secretion in these strains (Fig. 3) : together, these results suggest that WhiB6 might be regulating ESAT-6 expression via transcriptional regulation of ESX-1 genes. To test this hypothesis, we constructed a knock-in (KI) strain in which the WT copy of whiB6 present in clinical isolates was restored in the H37Rv genetic background (H37Rv::KIMt). We also constructed a KI strain of the mutated version of the whiB6 mutant (H37Rv::KIRv) to control for undesirable effects due to the different genetic dosage of the whiB6 gene. The results showed that restoration of the whiB6 WT allele is able to boost ESAT-6 production in H37Rv to the levels of the clinical strains (Fig. 6A ), which was also followed by increased secretion of ESAT-6 to the levels of the clinical isolates (Fig. 6B) . In contrast, doubling the genetic dosage of the "mutant" whiB6 allele in the H37Rv::KIRv strain did not impact ESAT-6 production or secretion ( Fig. 6A and B) , linking the effect to the specific single nucleotide polymorphism (SNP) in the WhiB6 promoter. As expected, expression of the WT or mutant variants of whiB6 in an H37Rv phoP mutant did not change the absence of ESAT-6 secretion, due to independent EspACD downregulation (Fig. 6B) . We also used these KIMt and KIRv strains to confirm that some ESX-1 genes could be regulated by PhoP in a WhiB6-dependent fashion. Interestingly, we observed that the esxA and esxB genes require both PhoP and a WT whiB6 gene in order to achieve gene expression levels comparable to those of clinical isolates (Fig. 6C) .
DISCUSSION
The deep impact of mutations in transcriptional regulators on the outcome of infection is well known. Some relevant examples include a K220T substitution in the pleiotropic PrfA regulator with profound effects on Listeria monocytogenes virulence (43) , point mutations in the streptococcal regulator of virulence (Srv) that alter protein-DNA binding (44) , or the S219L substitution in PhoP, which is a major cause of M. tuberculosis H37Ra attenuation (45, 46) . However, polymorphisms in noncoding regions have been less explored. In this work, we highlight a single nucleotide insertion within the whiB6 promoter region that influences the PhoP regulatory mechanism. The presence of a sole G insertion at the Ϫ74 position relative to whiB6 start codon is able to alter the PhoP binding affinity to this region (Fig. 4B) . It could be possible that PhoP binds as a multimer in order to activate transcription, and the presence of point mutations within the binding site results in transcriptional deregulation. Our sequence analyses indicate the exclusive presence of this point mutation in H37Rv and H37Ra. In 1934, Steenken and colleagues reported that after successive cultures, the parental H37R strain dissociated into an avirulent form (H37Ra) and a virulent form (H37Rv) (47) . The results presented here support the hypothesis that in vitro passages of the H37R parent strain led to this single nucleotide insertion. Furthermore, since H37Rv and H37Ra share the same polymorphism, this mutation likely occurred prior to segregation of both strains. If mutation in the whiB6 promoter plausibly occurred in in vitro cultures, we could also hypothesize that a proper expression of this gene in clinical isolates might increase fitness in the host. Supporting this observation, we demonstrate that WhiB6 modulates ESAT-6 secretion, a phenotype dispensable for growth in vitro. However, the mutation in the whiB6 promoter retains a virulent phenotype in H37Rv, probably because this strain is still able to secrete ESAT-6 in vitro, albeit at lower levels than other reference strains and clinical isolates (Fig. 3) . Subsequent culture passages probably resulted in the deleterious S219L mutation in PhoP from H37Ra (45, 48) , which impaired ESAT-6 secretion and consequently strongly contributes to the attenuation of H37Ra (33, 46) . In parallel, the H37Rv strain retained a WT phoP gene, allowing it to secrete at least some ESAT-6 and consequently maintaining virulence (49) , which might, however, mainly reflect virulence in the mouse infection model, because since the isolation of the H37 strain from a tuberculosis patient more than 100 years ago, the strain was passaged in axenic media and in mice. However, it might also be possible that regulation of ESAT-6 expression or secretion during cellular or animal infections differs from that observed in vitro. This hypothesis would explain why different M. tuberculosis strains (H37Rv, CDC1551, and Erdman) show different levels of ESAT-6 expression under laboratory culture conditions, albeit they exhibit similar levels of virulence in the mouse infection model (49) (50) (51) . It would also explain the absence of differences between H37Rv and clinical isolates from the Beijing family in induction of apoptosis, recently reported to be an ESAT-6-mediated phenotype (20) . On the other hand, the possibility remains that mouse infection models are not sensitive enough to detect virulence changes due to ESAT-6 fluctuations. Indeed, in the sensitive guinea pig infection model, the H37Rv strain was shown to be less virulent than the Erdman, CDC1551, and HN878 strains (52) , which produce more ESAT-6 than the H37Rv strain.
WhiB proteins are bifunctional regulators, acting either as transcription factors or by modulating the redox state of target proteins (53) (54) (55) . Whereas WhiB1, WhiB2, WhiB3, and WhiB7 have been extensively studied, little is known about WhiB4, WhiB5, and WhiB6, apart from their expression profiles and disulfide reductase activity (53, 54, 56, 57) . WhiB-like proteins exert their regulatory activity depending on the redox state, which is linked to the presence of environmental metals. This fact is especially relevant in the context of the phagosomal presence of M. tuberculosis since this phagovacuole is rich in metals and oxidative or nitrosative species that may restrict growth or survival of pathogens (7, 58) . As an example, WhiB1 is an essential protein able to react with nitric oxide (NO) and thereby can shift its DNA binding capacity (59) . This ability suggests a possible role for WhiB1 in reprograming M. tuberculosis gene expression in response to NO generated by macrophages. M. tuberculosis resists the acidic and metabolic stresses in the hostile environment of the macrophage in multiple ways (60) (61) (62) . One of the recently demonstrated mechanisms is that the bacterium escapes from the microbicidal phagosome by inducing pore formation and disruption of the phagosomal membrane, a phenotype dependent on the function of the ESX-1 secretion system (8, 9, 19) . It is not yet clear, however, which signal(s) might be regulating ESX-1 expression. The ability of the pleotropic two-component regulator PhoPR to sense the acidic phagosomal pH (63) could be involved in this process in two independent ways. First, it is known that inactivation of PhoP leads to loss of ESAT-6 secretion due to interference with the EspACD/EspR regulation cascade (15, 33) . In parallel, here we show that PhoPR may also interfere with WhiB6 regulation, which seems to act as an alternative regulation loop to respond to nitrosative/oxidative stresses encountered within the phagosome, thereby increasing the expression and production of ESAT-6. In support of this hypothesis, it has been shown that whiB6 expression in in vitro-grown M. tuberculosis cultures increases upon treatment with NO (56, 57) , and whiB6 gene expression gets upregulated when M. tuberculosis infects macrophages (55) . This model orchestrates a regulatory network involving sensor proteins (PhoR and WhiB6), which might modulate ESX-1 expression and ESAT-6 secretion in favor of M. tuberculosis disrupting the phagosomal membrane and getting access to the cytosol. From recent literature, it is well documented that cytosolic access triggers a wide range of cellular changes that are specific for virulent tubercle bacilli, as they are not induced in ESX-1-deleted, attenuated strains, such as the BCG vaccine strains (8, 9, 20) . It seems that PhoP-WhiB6-ESX-1-associated functions play an important role in these processes.
Aside from PhoP implications in ESAT-6 secretion, a recent work uses whole-sequencing approaches to demonstrate that PhoP is also involved in secretion of TAT-dependent proteins, which include members of the Ag85 complex (64) .
Finally, apart from the new insights into the various regulation cascades described above, our data also highlight a generally applicable point about the impact of genetic polymorphisms potentially present in often passaged and widely used reference strains. Our findings argue against the exclusive use of laboratory strains as universal comparators for scientific experiments and suggest that parallel validation with clinical strains should be undertaken prior to universalizing results to the whole M. tuberculosis lineages. Immunoblots against ESAT-6 and GroEL2 in whole-cell extracts of H37Rv-derived strains containing either a WT (KIMt) or a mutated (KIRv) whiB6 allele. MT103 and its phoP mutant were used as controls for ESAT-6 phenotypes in clinical strains. Introduction of a WT copy of whiB6 in H37Rv restores ESAT-6 production to levels comparable to those in the MT103 clinical isolate. Introduction of either a WT or mutated whiB6 allele in H37Rv phoP mutant does not significantly impact ESAT-6 production. GroEL2 was used as a control of protein loading. (B) Immunoblots against ESAT-6 and GroEL2 in the secreted fraction from strains used in panel A. The whiB6 WT allele is able to enhance ESAT-6 secretion in H37Rv to the levels of the MT103 clinical strain. The phoP mutants show absence of ESAT-6 secretion, independent of whiB6 expression. GroEL2 was used as a control for absence of cell lysis. Note that introduction of an additional "mutated" allele into H37Rv (H37Rv::KIRv) has no effect over ESAT-6 production or secretion. Bars represent densitometric analysis of band intensity and are referred to the H37Rv strain. (C) qRT-PCR measurements of the esxA, esxB, and espJ genes in KIMt and KIRv derivatives of H37Rv and its phoP mutant. Note that esxA, esxB, and, to a lesser extent, espJ require both WT alleles of phoP and whiB6 in order to reach expression levels comparable to those of the clinical isolates in Fig. 2 . Bars indicate fold changes in gene expression relative to the sigA gene used as an endogenous control. Results are representative of three independent experiments, and error bars indicate the SD of the mean. ence and Innovation. Luis Solans was supported by grant BES-2009-013037.
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